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(54) Inhibition of DNA Methyltransferase

(57) The present invention relates to the interplay

between the level of DNA methyltransferase and

demethylase activities, to the role of the interplay be-

tween these levels on the proliferative, differentiated, tu-

morigenic and homeostatic state of the cell, and to the

DNA methyltransferase and demethylase as therapeu-

tic targets. The invention further relates to a reduction

of the level of DNA methylation through inhibitors and

antagonist in order to inhibit the excessive activity or hy-

permethylation of DNA MeTase in cancer cells to induce

the original cellular tumor suppressing program, to turn

on alternative gene expression programs, to provide

therapeutics directed at a nodal point of regulation of

genetic information, and to modulate the general level

of methylase and demethylase enzymatic activity of a

cell to permit specific changes in the methylation pattern

of a cell (Fig. 1).
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Description

TECHNICAL FIELD

The present invention relates to the interplay be-

tween the level of DNA methyltransferase and demeth-

ylase activities and to the rote of this interplay on the

proliferative, differentiated, tumorigenic and horneostat-

ic state of the cell.

BACKGROUND ART

While transcription factors play a critical role in or-

chestrating the gene expression profiles of all organ-

isms, other, "epigenetic* levels of information that en-

code the diversification program of an otherwise uniform

genetic content exist. Methylation of DNA is thought to

be one such critical determinant of the diversification

program (Razin et al., 1980, Science 210: 604-610).

DNA methylation is a postreplicative covalent mod-

ification of DNA that is catalyzed by the DNA methyl-

transferase enzyme (MeTase) (Koomaret al., 1994, Nu-

cl. Acids Res. 22:1-10; and Bestor et al., 1988, J. Mol.

Biol. 203:971-983). In vertebrates, the cytosine moiety

at a fraction of the CpG sequences is methylated

(60-80%) in a nonrandom manner generating a pattern

of methylation that is gene and tissue specific (Yisraeli

and M. Szyf, 1985, In DNA methylation: Biochemistry

and Biological significance, pp. 353-378, Razin et al.,

(Ed), Springer-Verlag, New York). It is generally be-

lieved that methylation in regulatory regions of a gene

is correlated with a repressed state of the gene (Yisraeli

and Szyf, 1 985, In DNA methylation: Biochemistry and

Biological significance, pp. 353-378, Razin et al., (Ed),

Springer-Verlag, New York; and Razin et al., 1991,

Microbiol. Rev. 55:451-458). Recent data suggest that

DNA methylation can repress gene expression directly,

by inhibiting binding of transcription factors to regulatory

sequences or indirectly, by signaling the binding of

methylated-DNA binding factors that direct repression

of gene activity (Razin et al., 1991, Microbiol. Rev. 55:

451 -458). It is well established that regulated changes

in the pattern of DNA methylation occur during develop-

ment and cellular differentiation (Razin et al., 1991,

Microbiol. Rev. 55:451-458; and Brandeis et al., 1993,

Bioessays 13:709-713). Importantly, the critical role of

DNA methylation in differentiation has recently been

demonstrated (Li et al., 1 992, Cell 69:915-926; and Szyf

etal., 1992, J. Biol. Chem. 267:12831-12836). The pat-

tern of methylation is maintained by the DNA MeTase at

the time of replication and the level of DNA MeTase ac-

tivity and gene expression is regulated with the growth

state of different primary (Szyf et al., 1985, J. Biol.

Chem. 260:8653-8656) and immortal cell lines (Szyf et

al„ 1991, -J. Bol. Chem. 266:10027-10030). This regu-

lated expression of DNA MeTase has been suggested

to be critical for preserving the pattern of methylation.

Many lines of evidence have demonstrated aberra-

tions in the pattern of methylation in transformed cells.

For example, the 5' region of the retinoblastoma (Rb)

and Wilms Tumor (WT) genes is methylated in a subset

of tumors, and it has been suggested that inactivation

5 of these genes in the respective tumors resulted from

methylation rather than a mutation. In addition, the short

arm of chromosome 11 in certain neoplastic cells is re-

gionally hypermethylated. Several tumor suppressor

genes are thought to be clustered in that area. If the level

10 of DNA MeTase activity is critical for maintaining the pat-

tern of methylation as has been suggested before (Szyf,

1991, Biochem. Cell Biol. 64:764-769), one possible ex-

planation for this observed hypermethylation is the fact

that DNA MeTase is dramatically induced in many tumor
is cells well beyond the change in the rate of DNA synthe-

sis. The fact that the DNA MeTase promoter is activated

by the Ras-AP-l signalling pathway is consistent with the

hypothesis that elevation of DNA MeTase activity and

resulting hypermethylation in cancer is an effect of ac-

20 tivation of the Ras-Jun signalling pathway.

It is clear that the pattern of methylation is estab-

lished during development by sequential de novo meth-

ylation and demethylaticn events (Razin et al., 1991,

Microbiol. Rev. 55:451-458; and Brandeis et ai., 1993,

2$ Bioessays V3:709-71 3), the pattern being maintained in

somatic ceils. It is still unclear however, how methylation

patterns are formed and maintained /nvivo. Although a

simple model has been proposed to explain the clonal

inheritance of methylation patterns (Razin et al., 1980,

30 Science 210:604-61 0), it does not explain how specific

sites are de novo methylated ordemethylated during the

processes of differentiation and cellular transformation.

Several lines of evidence suggest that factors, other

than the state of methylation of the parental strand, are

35 involved in targeting specific sites for methylation.

A similar mystery is how specific sites are demeth-

ylated during development and cellular transformation.

One possible mechanism could be a passive loss of

methylation, although an alternative hypothesis is that

40 demethylation is accomplished by an independent en-

zymatic machinery.

Site specific loss of methylation is a well document-

ed fact of vertebrate differentiation (Yisraeli and Szyf,

1985, In DNA methylation: Biochemistry and Biological

45 significance, pp. 353-378, Razin et al., (Ed), Springer-

Verlag, New York; Razin etal., 1991, Microbiol. Rev. 55:

451-458; and Brandeis et al., 1993, Bioessays T3:

709-713). Whereas a loss of methylation could be ac-

complished by a passive process as described above,

so a series of observations have demonstrated that an ac-

tive process of demethylation occurs in mammalian

cells (see for example Yisraeli et al., 1986, Cell 46:

409-41 6), Similar to de novo methylation, demethylation

is directed by specific signals in the DNA sequence (Yis-

55 raelietaL, 1986, Cell 46:409-41 6; and see Fig. 1 herein

for a model) and the probability of a site being methyl-

ated or demethylated is determined by the affinity of that

site to either one of the DNA MeTase or demethylase.
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The affinity of each site to either enzyme is determined

by the chromatin structure around the site (Szyf , 1 991

,

Biochem. Cell Biol. 64:764-769).

In normal cells, the DNA methyltransferase is reg-

ulated and repressed, possibly by one of the tumor sup-

pressors. An equilibrium between DNA methyltrans-

ferase and demethylase activities maintains the meth-

ylation pattern. Methylated sites are indicated by (M) in

Fig. 1. Inhibition of the repressor results in over-expres-

sion of the DNA MeTase (as indicated by the solid arrow)

the genome becomes hypermethylated and tumorigen-

esis is initiated (tumor a). Another mechanism for up-

regulating the DNA methyltransferase is the activation

of the Ras oncogenic pathway resulting in activation of

Jun and over-expression of the DNA MeTase. However,

it appears that the Ras pathway can activate the

demethylase as well. The final pattern of methylation ob-

served in this class of tumors will reflect both activities:

hypermethylation (M) of sites that express low or medi-

um affinity to the demethylase (sites 3,4,5) and hy-

pomethylation of sites that are of high affinity but were

methylated in the original cell (site number 6).

The lines of evidence that link cancer and hyper-

methylation are however still circumstantial. The critical

question that remains to be answered is whether these

changes in DNA methylation play a causal role in car-

cinogenesis.

Babissetal., Science 228 (1985), 1099-1101 study

the mechanism for the gradual development of the

transformed phenotype in type 5 adenovirus (Ad5)-

transformed rat embryo cells. The authors teach that a

single exposure of progressed cells to the demethylat-

ing agent 5-azacytidine (Aza) resulted in a stable rever-

sion to the unprogressed state of the original parental

clone. These observations indicate that progression is

a reversible process and suggest that progression may
be associated with changes in the state of methylation

of one or more specific genes; see page 1099, Abstract,

lines 11 to 13. The authors teach that their demonstra-

tion that progression can be reversed or accelerated by

the appropriate in vitro manipulation will aid in the es-

tablishment of a cell culture model system for the mo-

lecular analysis of tumor progression.

Jones, Cell 40 (1985), 485-486 summarize in a

minireview the altering of gene expression with 5-aza-

cytidine (5-aza-CR). Jones describes the broad spec-

trum of activity of 5-aza-CR its ability to activate genes

in a selective manner rather than causing global in-

creases in gene expression and also the medical appli-

cations of 5-aza-CR.

The demonstration that hypermethylation corre-

lates with carcinogenesis would be immensely useful

since it could lead to methods of assessing the carcino-

genic potential of cells as well as to therapeutic treat-

ments of cancer patients. Of note, the fact that the level

of DNA MeTase is limiting in mammalian cells is sup-

ported by the observation that a small elevation of cel-

lular DNA MeTase levels by forced expression of an ex-

ogenously introduced DNA methyltransferase into NIH

3T3 cells results in a significant change in the methyla-

tion pattern (Wu et al., 1994, Proc. Natl. Acad Sci. USA
90:8891-8895).

s In addition, if DNA methylation provides an impor-

tant control over the state of differentiation of mamma-
lian cells, then DNA methylation modifiers could serve

as important therapeutic agents to alter the genetic pro-

gram in a predictable manner and/or to restore an au-

10 thentic program when it is disrupted by deregulation of

DNA methylation.

Furthermore, the identification of the molecule re-

sponsible for the demethylase activity would be ex-

tremely useful for the same reasons as mentioned

'5 above, since the control of gene expression, of differen-

tiation and cellular homeostasis appears dependent on

the balance between the level of DNA MeTase and

demethylase activities.

The present invention relates to the interplay be-

tween the level of DNA methyltransferase and demeth-

ylase activities and to the role of this interplay on the

proliferative, differentiated, tumorigenic and homeostat-

ic state of the cell. It relates also to the use of a reduction

of a level of methylated cytosine in a CpG dinucleotide,

for reversing a transformed state of a cell, for correcting

an aberrant methylation pattern in DNA of a cell, or for

changing a methylation pattern in DNA of a cell. DNA
methyltransferase (DNA MeTase) inhibitors can, ac-

cording to the present invention, be used to inhibit the

excessive activity or hypermethylation of DNA MeTase

in cancer cells and induce the original cellular tumor

suppressing program. These inhibitors can also be used

to turn on alternative gene expression programs. Spe-

cific DNA methyltransferase antagonists can also pro-

vide therapeutics directed at a nodal point of regulation

of genetic information. Moreover, the present invention

relates to the pharmacological implications provided by

the fact that specific changes in the methylation pattern

of a cell can be obtained by modulating the general level

of DNA MeTase and demethylase enzymatic activity of

that cell. Therefore, silent genes can be activated

through a change in the methylation pattern of the DNA.

For example, (3-thalassemia and sickle cell anemia can

be treated by activating the (J-globin gene following a

change in Its methylation pattern.

Based on the demonstration that over expression

of DNA MeTase in NIH 3T3 cells resulted in cellular

transformation (Wu et al., 1994, Proc. Natl. Acad Sci.

USA 90:8891-8895), the present invention also relates

to the DNA MeTase as a candidate target for anticancer

therapy.

The present invention also relates to a recently pu-

rified demethylase activity from P19 cells and to the

demonstration that this demethylase is induced in P19

cells transformed with RAS. Based on the increased hy-

20 DISCLOSURE OF THE INVENTION
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pomethylation in cancer, and the demonstration that the

demethylase from P19 cells is induced by RAS, the

present invention further relates to the demethylase as

a candidate target for anticancer therapy. Furthermore,

the demethylase activity could be extremely useful for 5

the treatment of methylated DNA samples that are to be

used in molecular analysis such as restriction mapping

or cloning.

The present invention moreover relates to poly

clonal or monoclonal antibodies directed against the io

DNA MeTase or demethylase, and to the use of such

antibodies as therapeutic agents.

Moreover, the present invention relates to the use

of DNA MeTase inhibitors, whether general or specific,

as anticancer therapeutic agents. 15

In a preferred embodiment, the specific anticancer

therapeutic agent is an antisense oligonucleotide, spe-

cific to DNA MeTase mRNA sequences. In a case

wherein hypermethylation of tumor suppressor loci re-

sults in their repression, and demethylation results in the 20

activation of genes encoding tumor stimulators thereby

amounting to the induction of tumorigenesis, initiating

antisense therapy against the DNA methyltransferase

will result in a reduction in DNA MeTase activity, demeth-

ylation and reactivation of tumor suppressor genes. The 25

products of these genes will inhibit the tumorigenic ef-

fect induced by the tumor stimulating genes and thus,

the inhibition of hypermethylation will also inhibit the ef-

fects of hypomethylation.

In an other preferred embodiment, based on the 30

crystal structure of the Hhal methylase (Koomar et al.,

1994, Nucl. Acids Res. 22:1-10), presenting a detailed

atomic structure of the DNA methyltransferase, it is now
possible to rationally design highly specific antagonists.

These novel antagonists can be potential candidates for 35

anticancer and gene induction therapy. The potential

advantage of anti DNA MeTase therapy over alternative

chemotherapy approaches is that it targets a potential

regulator of the cancer state rather than a nonspecific

proliferative unction. DNA MeTase inhibitors can thus 40

provide a novel route of therapy directed at the regula-

tion of the genetic information.

In yet another preferred embodiment, through the

use of antisense therapy, reversal of the tumorigenic

phenotype of the cell can be observed. 45

In the specification and appended claims the anti-

sense designation should be interpreted as being a DNA
or RNA molecule complementary to the mRNA or to-

wards either of the two DNA strands against which it is

targeted. This antisense can be a complementary full so

length version of the target sequence, a fragment there-

of, or an oligonucleotide derived therefrom. This anti-

sense can be obtained by biotechnological methods or

synthesized chemically.

55

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 illustrates that DNA MeTase and demethylase

activities determine the pattern of DNA methylatidn

in tumor cells;

Fig. 2A illustrates plasmids pZEM and pZaM. The

metallothionine (MT) promoter (shaded box), the

human growth hormone 3' region (HGH) (open bar),

and the MeTase cDNA sequences (hatched) are in-

dicated;

Fig. 2B shows a Southern blot analysis verifying the

presence of the transfected plasmid in the transfect-

ants;

Fig. 2C shows a Northern blot analysis of the posi-

tive clones expressing the expected 1 .3 kb chimeric

mRNA. Total RNA (5ug) was prepared from the

three pZaM lines (7 and 9) and from the pZEM;

Fig. 3A,B show the state of methylation of total ge-

nomic DNA in YIpZaM transfectants by nearest

neighbour analysis of 2 ug DNA extracted from

pZaM transfectant (4) and a pZEM control. Fig 3A

shows an autoradiogram of a representative TLC
plate. The standard lane is of hemimethylated M13
DNA synthesized In vitro. Fig 3B shows scintillation

counts from spots corresponding to C and 5-methyl

C. The values represent the means ± SEM;
Fig. 3C-F. show Southern biot analyses following

Mspl/Hpall digestion (M/H) of the DNA illustrating,

in YIpZaM transfectants, the state of methylation of

specific genes: C: the C21 5'region, D: the C21

gene, E: the retinoblastoma (RB) gene and F: the

p53 gene. In Fig. 3C-E, the open arrows indicate

the position of demethylated fragments.

Fig. 4A-C shows the morphological transformation

and reduced anchorage independent growth of Y1

cells transfected with pZaM. Fig. 4A shows a Phase

contrast microscopy at X200 magnification of living

cultures of Y1 clonal transfectants with pZaM and

Y1 controls. Fig.4B shows pictures of phase con-

trast microscopy at X1 0 of a 21 days soft agar assay

of Y1 pZEM cells (clones 4 and 7) and Y1 pZaM
transfectants (clones 4, 7 and 9). Fig. 4C shows an

anchorage independent growth assay: Y1 pZEM
(clones 4 and 7) and Y1 pZaM transfectants (clones

4, 7 and 9) after 21 days of growth in soft agar;

Fig. 5A-B show the In vivotumorigenicity of YIpZaM

transfectants. Fig.5A illustrates the ability of two

control lines (Y1 and pZEM4) and three YIpZaM

transfectants (4, 7 and 9) to form tumors in LAF-1

mice, as well as the level of neovascularization in

these tumors. Fig. 5B shows photographs of the ho-

mogenized tumors;

Fig. 6A-B show the loss of antisense expression in

tumors derived from YIpZaM transfectants by

Northern blot analysis. The 1.3 Kb antisense mes-

sage is seen only in the original cell line pZaM 7

(dark arrow), and is undetectable in tumors arising

from pZaM 7 or Y1 cell lines. A control for the

amount of RNA loaded is also shown. FIG. 6B

shows the relative expression of the antisense nor-

malized to that of the 18S signal;



EP 0 889 122 A2 87

Fig. 7A shows a density restricted growth assay of

Y1 pZaM relative to control pZEM transfectants;

Fig. 7B shows the percentage of viable cells as de-

termined using trypan blue staining following se-

rum-deprivation (1% horse serum);

Fig. 7C shows a Southern analysis of total cellular

DNA from the indicated transfectants following

growth in 1% serum containing medium and har-

vested after 1 and 2 days. A 1 30bp internucleosom-

al ladder characteristic of cells dying via apoptosis

can be seen in the YIpZdM transfectants only;

Fig. 7D shows an electron microscopic analysis of

various Y1 transfectants cell sections (l-V), follow-

ing growth of the cells in 1% serum medium for 24

hours.

Fig. 8A-D shows the effect of 5 azaCdR-treatment

(0-1 041M) of Y1 cells. Fig. 8A shows the content of

nonmethylated cytosines in the dinucleotide se-

quence CpG as determined by a nearest neighbour

analysis. Fig. 8B -shows the effect of SazaCdR on

the viability of cells grown in low (1%) serum medi-

um. Fig. 8C shows the anchorage independent

growth in soft agar (in the absence of 5 azaCdR).

Fig. 8D shows the number of colonies upon

SazaCdr treatment.

Fig. 9 illustrates the Regulation mechanism of the

DNA MeTase promoter which determines DNA
methylation patterns and cellular transformation.

MODES FOR CARRYING OUT THE INVENTION

It has been previously demonstrated that forced ex-

pression of an 'antisense" mRNA to the most 5' 600 bp

of the DNA MeTase message (pZaM) can induce limited

DNA demethylation in 10 T 1/2 cells (Szyf et al., 1992,

J. Biol. Chem. 267: 12831-12836). To directly test the

hypothesis that the tumorigenicity of Y1 cells is control-

led by the DNA MeTase, Y1 cells were transfected with

either pZaM or a pZEM control.

I. Expression of antisense to the DNA
Methyltransferase gene in Y1 cells results in limited

DNA demethylation.

To directly inhibit DNA methylation in Y1 cells, the

DNA MeTase antisense expression construct pZaM or

a pZEM control vector (Szyf et al., 1992, J. Biol. Chem.

267:12831-12836) were introduced into Y1 cells by

DNA mediated gene transfer. Y1 cells were maintained

as monolayers in F-1 0 medium which was supplement-

ed with 7.25% heat inactivated horse serum and 2.5%

heat inactivated fetal calf serum (Immunocorp, Mon-

treal). All other media and reagents for cell culture were

obtained from GIBCO-BRL. Y1 cells (1X106) were plat-

ed on a 150 mm dish (Nunc) 15 hours before transfec-

tion. The pZaM expression vector encoding the 5' of the

murine DNA MeTase cDNA (10ug) was cointroduced in-

to Y1 cells with 1 ug of pUCSVneo as a selectable mark-

er by DNA mediated gene transfer using the calcium

phosphate protocol (Ausubel et al., 1988, In Current

Protocols in Molecular Biology. Wiley and Sons, New
York). Selection was initiated 48 hours after transfection

s by adding 0.25 mg/ml G418 (GIBCO-BRL) to the medi-

um. G418 resistant cells were cloned in selective medi-

um. For analysis of growth in soft agar, 1X103 cells were

seeded in triplicate onto 30 mm dishes -(Falcon) with 4

ml of F-10 medium containing 7.5% horse serum, 2.5%
10 FCS, 0.25 mg/ml G418 (for transfectants) and 0.33%

agar solution at 37°C (Freedman et al.,1974, Cell 3:

355-359). Cells were fed with 2 ml of medium plus G41

8

every two days. Growth was scored as colonies contain-

ing >10 cells, 21 days- after plating.

is G418-resistant colonies were isolated and propa-

gated for both constructs. To confirm that the transfect-

ants bear the introduced construct, we prepared DNA
from the transfectants and subjected it to digestion by

either Mspl or Hpall, Southern blot analysis and hybrid-

20 ization with a 32p labelled 0.6 kb DNA MeTase cDNA
fragment (Fig. 2A). Preparation of genomic DNA and all

other standard molecular biology manipulations, such

as Labelling -(using the random primer labelling kit from

Boeh ringer Mannheim), were performed according to

2S Ausubel et al., 1988, In Current Protocols in Molecular

Biology. Wiley and Sons, New York). Mspl and Hpall re-

striction enzymes (Boehringer Mannheim) were added

to DNA at a concentration of 2.5 units/ug for 8 h at 37°C.

Radionucleotides (3000mCi/mmol) were purchased

30 from Amersham. The results presented in Fig^2B dem-

onstrate that the three pZaM transfectants contained

significant levels of the DNA MeTase cDNA sequence

while the control transfectants were clean. To test

whether the pZaM constructs is expressed in the trans-

35 fectants. and whether the metallothionein promoter is

functional in these cells, we cultured the transfectants

with 50uM of ZnS04, prepared RNA at different time

points, subjected it to Northern blot analysis and hybrid-

ization with the 32p labelled MET 0.6 probe. Preparation

40 of total cellular RNA, blotting RNA on to Hybond-N+

(Amersham), were performed according to Ausubel et

al., (1 988, In Current Protocols in Molecular Biology. Wi-

ley and Sons, New York). As observed in Fig. 2C the

transfectants 7 and 9 express substantial amounts of

45 the MET 0.6 cDNA (-1 .3 kb chimeric mRNA) even be-

fore induction with ZnS04. The ZnS04 induction increas-

es the relative intensity of a 1.3 kb RNA hybridizing to

MET 0.6 suggesting that ZnS04 induces the initiation of

transcription from a discrete site but not the total expres-

50 sion of the antisense message (resulting in a smear in

the non induced RNA samples). In subsequent experi-

ments, induction of the transfectants with ZnS04 was

therefore not carried out.

To determine whether expression of antisense RNA
55 to the DNA MeTase gene leads to a general reduction

in the level of methylation of the -genome, we resorted

to "nearest neighbour
1

analysis using [cc-32P]-dGTP as

previously was performed. This assay enables the de-

5
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termination of the percentage of methylated cytosines

residing in the dinucleotide sequence CpG (Razin et al.,

1985, IN Biochemistry and Biology of DNA methylation,

p. 239, Razin etal., (Ed), Allan R. Liss, Inc. N.Y). Briefly,

Two ug of DNA were incubated at 37°C for 15 minutes

with 0.1 unit of DNAase, 2.5 of 32P-a-dGTP (3000 Ci/

mmol from Amersham) and 2 units of Kornberg DNA
polymerase (Boehringer) were then added and the re-

action was incubated for an additional 25 minutes at

30°C. 50ul of water were added and the nonincorporat-

ed nucleotides were removed by spinning through a mi-

crocon™ column (Amicon) at maximum speed for 30

seconds. The labelled DNA (23ul) was digested with

70ug of micrococal nuclease (Pharmacia) in the manu-

facturer's recommended buffer for 10 hours at 37°C.

Equal amounts of radioactivity were loaded on TLC
phosphocellulose plates (Merck) and the 3' mononucle-

otides were separated by chromatography in one di-

mension (iso-butyric acid: H2O:NH40H in the ratio 66:

33:1 ). The chromatograms were exposed to XAR™ film

(Eastman-Kodak) and the spots corresponding to cyto-

sine and 5-methylcytosine were scraped and counted in

a p-scint illation counter.

Transfectants and control DNAs were nicked with

DNAasel, nick translated with a single nucleotide [a-

32P]-dGTP using DNA polymerase I and the labelled

DNA was digested to 3' mononucleotide phosphates

with micrococal nuclease which cleaves DNA 3' to the

introduced a-32p. The [a-32P] labelled 5' neighbours of

dGMP were separated by chromatography on a TLC

plate, the resulting spots for dCMP and dCmetMP were

scraped and counted by liquid scintillation. The results

of a triplicate experiment presented in Fig. 3A (sample

autoradiogram) and B (graphic representation) suggest

that a limited but significant reduction in the total level

of DNA methylation (12% for transfectant number 4 and

22% for 7) occurred in transfectants expressing the

pZaM construct when compared to the control line

pZEM.

II. Demethylation of specific genes In Y1 pZaM
transfectants.

To further verify that expression of pZaM results in

demethylation and to determine whether specific genes

were demethylated, we resorted to a Hpall/Mspl restric-

tion enzyme analysis followed by Southern blotting and

hybridization with specific gene probes. Hpall cleaves

the sequence CCGG, a subset of the CpG dinucleotide

sequences, only when the site is unmethylated while

Mspl will cleave the same sequence irrespective of its

state of methylation. By comparing the pattern of Hpall

cleavage of specific genes in cells expressing pZaM
with that of the parental Y1 or cells harboring only the

vector, it can be determined whether the genes are

demethylated in the antisense transfectants. The state

of methylation of the steroid 21 -hydroxylase gene C21

(Szyf et al., 1989, Proc. Natl. Acad. Sci. USA 86,

6853-6857; and Szyf et al., 1990, Mol. Endocrinol. 4:

1144-1152) was first analyzed. This gene is specifically

expressed and hypomethylated in the adrenal cortex but

is inactivated and hypermethylated in Y1 cells. It has

s been previously suggested that hypermethyiation of

C21 in Y1 cell is part of the transformation program that

includes the shut down of certain differentiated func-

tions. DNA prepared from Y1
,
pZccm and pZEM (Ber-

nards et- al., 1989,. Proc. Natl. Acad. ScL USA. 86:

10 6474-6478) transfectants was subjected to either Mspl

or Hpall digestion, Southern blot analysis and hybridi-

zation with a 0.36 kb Xba-BamHI fragment containing

the enhancer and promoter regions of the C21 gene

(see references Szyf et al., 1989, Proc. Natl. Acad. Sci.

is USA 86:6853-6857; and Szyf et al., 1990, Mol. Endocri-

nol. 4: 1 1 44-1 1 52, for a physical map of the probe). This

probe should detect 0.36 kb and 0.16 kb Hpall frag-

ments when the promoter region is fully demethylated.

The promoter and enhancer region is heavily methylat-

20 ed in Y1 cells and the pZEM transfectants as indicated

by the presence of the higher molecular weight partial

Hpall fragments at 3.8 and 2 kb and the absence of any

lower molecular weight fragments (Fig. 3C ). In contrast,

the Y1 pZaM transfectants bear a partially demethylated

2S C21 5' region as indicated by the relative diminution of

the 3.8 and 2 kb fragments and the appearance of the

fully demethylated faint bands at 0.36 kb as well as as

the fact that Hpall cleavage yields partial fragments at

0.56 and -1 kb indicating partial hypomethylation of

30 sites upstream and downstream to the enhancer region

(Fig. 3C ). To determine whether hypomethylation was

limited to the enhancer region or if it-spreads throughout

the C21 gene locus, a similar Hpall digestion and South-

ern blot transfer on different preparations of DNA ex-

35 tractedfromYI cells was performed. DNA from a control

pZEM (Bernards et al., 1989,. Proc. Natl. Acad. Sci.

USA. 86: 6474-6478) transfectant and three pZaM an-

tisense transfectants (Fig. 3D) was hybridized to the fil-

ter with a 3.8 kb BamHI fragment containing the body of

40 the C21 gene and 3' sequences. Full demethylation of

this region should yield a doublet at -1 kb, a 0.8 kb frag-

ment and a 0.4 kb fragment as well as a number -of low

molecular weight fragments at 0.1-0.2 kb. As observed

in Fig. 3D the C21 locus is heavily methylated in Y1 cells

45 as well as the control transfectant as indicated by the

high molecular weight fragments above 23 kb. Only a

faint band is present in the expected 1 kb molecular

weight range as well as a partial at 1 .9 kb (Fig. 3D ). The

DNA extracted from the antisense transfectants exhibits

so a relative diminution of the high molecular weight frag-

ments and relative intensification of the partial fragment

at 1 .9 kb as well as the appearance of new partial frag-

ments in the lower molecular weight range between 1

and 0.4 kb indicating partial hypomethylation at large

55 number of Hpall sites contained in the 3' region of the

C21 gene. The pattern of demethylation, indicated by

the large number of partial Hpall fragments (Fig. 3D ), is

compatible with a general partial hypomethylation rather

6
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than a specific loss of mathylation in a distinct region of

the C21 gene.

To determine whether demethylation is limited to

genes that are potentially expressible in Y1 cells such

as the adrenal cortex-specific C21 gene or if the 5

demethylation is widely spread in the genome, other

genes such as the muscle specific MyoD gene as well

as the hippocampus specific 5HTIA receptor gene were

analysed, and both genes were shown to be hypometh-

ylated. Another class of genes that might have under- io

gone a specific hypomethylation includes the tumor sup-

pressor genes. The state of methylation of two genes

from this class, p53 and retinoblastoma (RB) which are

both tumor suppressor genes involved in cell cycle reg-

ulation was therefore determined. Loss of either one of 15

these gene products has been shown to lead to dereg-

ulation of the cell cycle and neoplasia.

Oligoprimers for the 5'region of the mouse p53 gene

were selected from the published genomic sequence

(Accession number: X01 235) using the Primer selecting 20

program (PC Gene™). The 5' primer corresponding to

bases 1 54-1 72: 5TLC GAATCG GTT TLC ACCC 3' and

the 3' primer corresponding to bases 472-492, 5* GGA
GGA TGA GGG CCT GAA TGC 3', were added to an

amplification reaction mixture containing 100 ng of 25

mouse DNA (from C2C12 cells) using the incubation

conditions recommended by the manufacturer (Amer-

sham Hot tub™; 1 .5 mM MgCI2) and the DNA was am-

plified for 40 cycles of 2 minutes at 95° C, 2 minutes at

55°C and 0.5 minutes at 72°C. The reaction products 30

were separated on a low-melt agarose gel (BRL) and

the band corresponding to the expected size was ex-

cised and extracted according to standard protocols

(Ausubel et al., 1988, In Current Protocols in Molecular

Biology, Wiley and Sons, New York). 35

Since the genomic sequence of the mouse RB gene

was unavailable through Genbank, we reverse tran-

scribed the retinoblastoma mRNA from 0.5 ug of total

mouse RNA (from C2C12 cells) using random oligonu-

cleotide primers (Boehringer) with Superscript™ re- 40

verse transcriptase (BRL) under conditions recom-

mended by the manufacturer. The RB sequence was

amplified from the reverse transcribed cDNA using oli-

gonucleotides corresponding to bases 2-628 of the pub-

lished cDNA (Bernards et al., 1989, . Proc. Natl. Acad. 4S

Sci. USA. 86:6474-6478). The oligoprimers used were
5' GGA CTG GGG TGA GGA CGG 3' (1-18) and 5' TTT
CAG TAG ATA ACG CAC TGC TGG 3* (620-610). The

amplification conditions were as described above.

Using a probe to a 300 bp sequence from the 5' re- so

gion of the mouse RB cDNA the level of methylation of

this gene in Yl cells transfected with a control vector as

well as the pZotM transfectants was determined (Fig.

3E). Cleavage of this region with Hpall yields 0.6 kb and

0.1 kb fragments (Fig. 3E). The RB locus is heavily ss

methylated in the control cells as indicated by hybridi-

zation of the probe to high molecular weight fragments.

This locus is partially hypomethylated in the pZaM trans-

fectants as indicated by the relative diminution in the in-

tensity of the high molecular weight fragments, the ap-

pearance of numerous partial fragments between 23

and 0.6 kb and the appearance of the demethylated

fragments at 0.6 kb and -0.1 kb.

The p53 locus was studied using a 0.3 kb fragment

from the 5' region 300 bp upstream to the initiation site

as a probe (Fig. 3FV Cleavage of the p53 loci (two p53

genes are present in the mouse genome) with Mspl

yields fragments in the 4.4, 2.5, 0,56 and 0.44 kb mo-

lecular weight range (Fig. 3F, first lane). Cleavage of the

control Y1 pZEM transfectants shows that only the sites

flanking the 0.56 kb fragments are demethylated in Y1

cells. The rest of the locus is heavily methylated as in-

dicated by the intensity of the signal at the >4.4 kb range

(Fig. 3F, lanes 2-4). In comparison to the control trans-

fectants the p53 gene is partially hypomethylated in Y1

cells expressing an antisense message to the DNA
MeTase as implied by the relative reduction in the inten-

sity of the high molecular weight fragments above 4.4

kb and appearance of the 4.4 kb Hpall fragment, the

partially cleaved Hpall fragment at 4 kb, the faint partial

fragment around 3.5 kb and the faint fragment at 2.5 kb

(Fig. 3F last three lanes). These results further substan-

tiate the conclusion that expression of an antisense to

the DNA MeTase results in a genome- wide partial hy-

pomethylation. Neither of the genes studied demon-

strates a distinct selectivity in demethylation.

EXAMPLE 1

Morphological transformation and loss of

anchorage independent growth of Y1 cells

expressing antisense to the DNA MeTase.

To determine whether demethylation induced by the

DNA MeTase antisense construct results in a change in

the growth properties of cancer cells, the growth and

morphological characteristics of the pZctM transfectants

versus the controls we compared. To compare the

growth curve of pZaM transfectants and controls, 5x1

0

4

Y1 pZEM and pZaM transfectants (4 and 7) cells were

plated in triplicate. The cells were harvested and count-

ed at the indicated time points (Fig. 7A). The results of

this experiment show that the antisense transfectants

reach saturation density at lower concentrations than

the control cells suggesting that the transfectants have

reacquired "contact inhibition" which is one of the traits

lost in cancer cells. The morphological properties of the

Y1 pZaM transfectants further support this conclusion

(Fio.4Al While control Y1 andY1 pZEM cells exhibit lim-

ited contact inhibition and form multilayer foci, Y1 pZctM

transfectants exhibit a more rounded and distinct mor-

phology and grow exclusively in monolayers (Fig.4A).

To determine whether the expression of antisense

to the DNA MeTase results in reversal of the tumorigenic

potential the ability of the transfectants to grow in an an-

chorage independent fashion, which is considered an

7
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indicator of tumorigenicity, was also determined. The Y1

pZaM transfectants demonstrate an almost complete

loss of ability to form colonies in soft agar, moreover the

colonies that do form contain only a few cells as dem-

onstrated in Fig. 4B. Growth on soft agar was quantified

by visual examination and presented graphically in Fig.

4C.

These experiments demonstrate that inhibition of

DNA methylation by expression of an antisense mes-

sage to the DNA MeTase leads to loss of tumorigenicity

In vitro.

EXAMPLE 2

Y1 cells expressing antisense to the DNA MeTase

exhibit decreased tumorigenicity In vivo

To determine whether demethylation can result in

inhibition of tumorigenesis In vitro, LAF-1 mice (6-8

week old males) were injected subcutaneously (in the

flank area) with 106 cells for each of the Y1 pZccM, Y1

and Y1 pZEM transfectants. Mice were monitored for

the presence of tumors by daily palpitation. Mice bearing

tumors of greater than 1 cm in diameter were sacrificed

by asphyxiation with C02 , tumors were removed by dis-

section and homogenized in guanidium isothiocyanate.

Mice that were tumor free were kept for ninety days and

then sacrificed. RNA was prepared from the tumors by

CsClg density gradient centrifugation as described (Au-

subel et at., 1988, In Current Protocols in Molecular Bi-

ology, Wiley and Sons, New York). While all the animals

injected with Y1 cells formed tumors two to three weeks

post-injection, the rate of tumor formation in the animals

injected with the pZaM transfectants was significantly

lower (Fig. 5A; p>O.005).

Many lines of evidence suggest that angiogenic po-

tential and metastatic potential of cell lines are directly

related. The tumors that do arise from the pZa M trans-

fectants exhibit very limited neovascularization (Fig. SB)

while tumors that formed in the animals that were inject-

ed with Y1 cells or control transfectants were highly vas-

cularized (Fig. SB). This difference in neovasculariza-

tion is indicated by the pale color of the homogenates

of tumors removed from animals injected with Y1 pZaM
transfectants cells versus the very dark homogenates

of tumors arising from control lines (Y1 and YIpZEM;

FiaSB).

One possible explanation for the fact that a small

number of tumors did form in animals injected with the

pZaM transfectants is that they are derived from rever-

tants that lost expression of the- antisense to the DNA
MeTase under the selective pressure In vivo. This hy-

pothesis was tested with isolated RNA from a tumor aris-

ing from the YlpZam transfectant, and compared to the

level of expression of the 0.6 kb antisense message ob-

served for the transfectant line In vitro. The isolated

RNAs were subjected to Northern blot analysis and hy-

bridization with a 32p labelled MET 0.6 fragment. The

filter was stripped of its radioactivity and was rehybrid-

ized with a ^P labelled oligonucleotide probe for 18S

rRNA (Fig. 6A) as previously described (Szyf et al.,

1990, Mol. Endocrinol. 4:1144-1152). The autoradio-

s grams were scanned and the level of expression of MET
0.6 was determined relative to the signal obtained with

the 1 8S probe (Fig. 6BV The expression of the antisense

message is significantly reduced in the tumors support-

ing the hypothesis that expression of an antisense mes-

sage to the DNA MeTase is incompatible with tumori-

genesis.

EXAMPLE 3

Expression of pZaM in Y1 cells leads to an Induction

of an apoptotic death program upon serum

deprivation

' Tumor cells exhibit limited dependence on serum

and are usually capable of serum independent growth.

Factors present in the serum are essential for the sur-

vival of many nontumorigenic cells. Several lines of ev-

idence have recently suggested that the enhanced sur-

vivability of tumorigenie cells is associated with inhibi-

tion of programmed cell death. For example, the onco-

gene bcl-2 is not a stimulator of cell proliferation but rath-

er causes inhibition of apoptosis. The tumor suppressor

p53 can induce apoptosis in a human colon tumor de-

rived line and certain chemotherapeutic agents have

been shown to induce apoptosis in cancer cells. Since

the pZaM transfectants appeared to demonstrate an en-

hanced dependence on serum and limited survivability

under serum deprived conditions, the possibility that

demethylation can induce an apoptotic program in Y1

cells was analyzed. It was reasoned that as factors in

the serum are known to act as survival factors for cells,

an apoptotic program could be activated only when

these factors are remove. To test whether pZocM trans-

fectants undergo programmed cell death under serum

deprived condition, the effects of serum starvation on

these transfectants was studied. pZaM transfectants

and control Y1 pZEM transfectants (3x10s per well)

were plated in low serum medium (1% horse serum) in

six well plates, harvested every 24 hours and tested for

viability by trypan blue staining (Fig. 7B). While the con-

trol cells exhibited almost 100% viability up to 72 hours

after transfer into serum deprived medium, the Y1 pZaM
cells showed up to 75% loss of viability at 48 hours (Fig.

The rapid onset of death in Y1 pZaM clones under

serum deprived conditions suggests that -an active

process is involved. Several observable changes distin-

guish apoptosis from necrosis: apoptosis is an active

process requiring de novo protein synthesis; apoptosis

is associated with death of isolated cells, unlike necrosis

where patches or areas of tissue die; cells dying by ap-

optosis do not elicit an immune response; and the most

diagnostic feature of apoptosis is the pattern of degra-
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dation of the DNA from apoptotic cells (Ellis et al., 1 991

,

Annu. Rev. Cell Biol. 7:663-698). DNA from cells dying

by apoptosis generally exhibit a characteristic ladder

when analyzed by gel electrophoresis because Ca2+/

Mg2+ dependent endonucleases cleave the DNA at in-

ternucleosomal regions (Ellis et al., 1991, Annu. Rev.

Cell Biol. 7:663-698). Although the appearance of the

180 bp internucleosomal ladder is a diagnostic feature

of apoptotic death, other morphological changes such

as chromatin condensation, cellular fragmentation, and

formation of apoptotic bodies are generally considered

to be earlier events in the apoptotic process and there-

fore also serve as useful markers. To test whether the

serum deprived Y1 pZctM cells were dying as a result of

an activated apoptotic death program, cells were plated

in starvation medium (1% horse serum) and harvested

at 24 hour intervals. Total cellular DNA was isolated from

the cells and was subjected to electrophoresis on a

1.5% agarose gel followed by transfer to nylon mem-
brane and hybridization with random labeled Y1 genom-

ic DNA. After 48 hours in serum starved conditions,

pZaM transfectants exhibit the characteristic 180 bp in-

ternucleosomal DNA ladder while the control pZEM
transfectants show no apoptosis at this time point (Fig.

7C).

To determine whether cells expressing antisense to

the DNA MeTase exhibit early morphological markers of

apoptosis, cells were serum starved for 24 hours (2%

horse serum), harvested and analyzed by electron mi-

croscopy. For electron microscopy, cells were fixed in

glutaraldehyde (2.5%) in cacodylate buffer (0.1M) for

one hour and further fixed in 1% osmium tetroxide. The

samples were dehydrated in ascending alcohol concen-

trations and propylene oxide followed by embedding in

Epon. Semithin sections (lum) were cut from blocks with

an ultramicrotome, counterstained with u rani I acetate

and lead citrate. Samples were analyzed using a Philips

410 electron microscope (Maysinger et al., 1993, Neu-

rochem Intl. 23: 123- 129). Fig.7D shows the electron

micrographs of control Y1 pZEM and Y1 pZaM trans-

fectants at various magnifications (l-V). The control cells

have a fine uniform nuclear membrane whereas the

pZaM cells exhibit the cardinal markers of apoptosis:

condensation of chromatin and its margination at the nu-

clear periphery (panels I and II), chromatin condensa-

tion (panel II), nuclear fragmentation (panel III), forma-

tion of apoptotic bodies (panel V) and cellular fragmen-

tation (panel I V) . This set of experiments suggests that

one possible mechanism through which demethylation

can inhibit tumortgenesis is by activating programmed

cell death. This is supported by data suggesting that cell

death is triggered by an endonuclease activity (Ellis et

al., 1991, Annu. Rev. Cell Biol. 7. 663-698) . Thus, ef-

fects on the DNA methylation levels, can affect the path-

way leading to apoptosis.

EXAMPLE 4

Treatment of Y1 cells with SazaCdR

5 1X105 Y1 cells were plated in growth medium.

Twenty-four hours after plating, the medium was re-

placed with fresh medium containing various concentra-

tions (0-1 OuM) of 5 azaCdR (Sigma). The medium was

removed and replaced with fresh medium containing 5

10 azaCdR every 1 2 h for a period of 72 h. Following 5 aza-

CdR treatment the cells were plated onto a six well dish

in growth medium (100, 300, 500 cells per well) for

cologinectty determinations, in soft agar for determining

anchorage independent growth (3 X 103 cells per well)

*5 and in low serum (1% horse -serum) for five days to de-

termine viability under serum deprived conditions. All of

these assays were performed in the absence of 5 aza-

CdR.

As shown in Fig. 8, treatment of Y1 cells with 5 aza-

20 cdR mimics the action of the expression of an antisense

for MeTase. Indeed, treatment of Y1 cells with 5 azaCdR

is shown to increase the level of nonmethylated cytosine

(Fig. 8A), to decrease the viability of serum-starved cells

(Fig. 8B), and finally to drastically inhibit the growth of

2S Y1 cells on soft agar (Fig. 8C-D). The effect of 5 azaCdR
on Y1 cells was shown not to depend on the cell line per

se since performing the same experiment under the

same conditions but using Rb- human tumors and hu-

man small cell lung carcinoma cells gave similar results.

30 This set of experiment therefore suggests that 5

azaCdR can be successfully used as an anticancer

agent, to alter the genetic program or to restore an au-

thentic program disrupted by deregulation oif DNA meth-

ylation.

35 The data presented herein, strongly support the hy-

pothesis that hypermethylation plays a critical role in

maintenance of the transformed state, and even predict

that the increase in methylation is critical for the trans-

formed state. The fact that the RAS signalling pathway

40 has been shown to induce the activity of the DNA
MeTase promoter provides us with a mechanism to ex-

plain this increase in the DNA methylation capacity of

cancer cells (Fig. 9). It stands to reason therefore that

the DNA MeTase is an important effector of the RAS sig-

45 nailing pathway.

Taken together, the data presented above, provide

basic principles regarding the therapeutic implications

of DNA methylation. First, because the level of DNA
MeTase activity is one determinant of the pattern of DNA

50 methylation, partial inhibition of DNA MeTase activity

can result in a change in the methylation pattern. If ab-

errant hypermethylation in cancer cells is caused by

over-expression of the DNA methyltransferase, then

partial inhibition of methylation is expected to restore the

55 original methylation pattern. Second, since this pattern

is not exclusively determined by the DNA MeTase activ-

ity but is also defined by cis- and trans-acting signals at

the gene site, a partial inhibition of DNA MeTase will re-

9
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suit in a programmed change in gene expression rather

than a chaotic transformation of the cell. Furthermore,

DNA MeTase inhibitors can be used to induce a program

that is latent in the cell.

While the invention has been described with partic- £

ular reference to the illustrated embodiment, it will be

understood that numerous modifications thereto will ap-

pear to those skilled in the art. Accordingly, the above

description and accompanying drawings should be tak-

en as illustrative of the invention and not in a limiting 10

sense.

15

20

Claims

1. Demethylase purified from P1 9 cells.

2. Use of the demethylase of claim 1 as a therapeutic

agent.

3. Use of the demethylase of claim 1 for the prepara-

tion of a medicament for cancer treatment.

4. Use of the demethylase of claim 1 for the prepara-

tion of a medicament for restoring an aberrant meth-

ylation pattern in a patient DNA or for changing a

methylation pattern in a patient DNA.

5. Use of the demethylase of claim 1 for the prepara-

tion of a medicament for reducing a level of meth- 30

ylated cytosine in a CpG dinucleotide.

6. Use of the demethylase of claim 1 , for removing me-

thyl groups on DNA in vitro.
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